Introduction
Biomineralization-the process of depositing minerals in an organized fashion inside or outside the cell-is a very common process in marine invertebrates as well as in other Metazoa. Biomineralization is present in several major animal phyla (Kirschving and Hagadorn 2000) , from mollusks to vertebrates, including the Porifera and Cnidaria at the very base of the Animal Kingdom. Given the presence of biomineralization in such a variety of phyla, some authors believe that the process of biomineralization evolved from a reorganization of the basic calcium metabolism within a cell (Lowenstam and Margulis 1980; Marin et al. 1996) , although it should be noted that biomineralization can include other minerals, such as silica in many Porifera. It has been argued that biomineralization had to evolve from a preexisting, simpler system (Knoll 2003) , which made the Metazoa exapted (Gould and Vrba, 1982) to the process of biomineralization.
Without question, the Phylum Cnidaria has produced the most spectacular examples of biomineralization, epitomized by vast reefs formed from scleractinian stony corals (Class Anthozoa) (Buddemeier and Fautin, 1996; Romano and Palumbi 1996; Stanley and Fautin 2001) . Based on phylogenetic evidence and calibrations of rates of substitution, it has been proposed that stony corals have evolved skeletons at least four times (Romano and Cairns 2000) . Several authors have argued that the invention of a Scleractinian skeleton may have been relatively easy in response to external factors such as CO 2 concentration in the water. Their evidence included fossils, and physico-chemical data (Buddemeier and Fautin 1996; Romano and Palumbi 1996; Stanley and Fautin 2001) .
Outside the Anthozoa, calcified Cnidaria have been reported in the class Hydrozoa, but very little is known about the evolution of a skeleton in this group. The Hydractiniidae is one of only three Hydrozoan families in which calcium carbonate skeletons are produced. Two of these families, Milleporiidae and Stylasteridae, have only calcified species (Amaral et al. 2008; Cairns 1983; Lindner et al. 2008 ). In contrast, the Family Hydractiniidae is the only group with a mix of calcified and uncalcified species, thereby allowing the transition to calcification to be studied. Three hydractiniid species are calcified: Hydrocorella africana, Janaria mirabilis, and Schuchertinia antonii ) (see Appendix for the description of the genera Schuchertinia and Bouillonactinia).
In addition, a possible transitional stage has been described in Hydractinia symbiolongicarpus, which produces calcium carbonate granules in the form of aragonite in its gastrodermal cells without producing a visible calcareous skeleton (Rogers and Thomas 2001) .
In this article, we use a molecular phylogeny from our recent analysis (M.P. Miglietta et al., submitted for publication), to study the evolution of the calcareous skeleton within the Family Hydractiniidae. We show that a calcified skeleton has arisen twice independently within the family. Finally, we describe the distribution of somatic calcium carbonate granules across the Hydractiniidae (Rogers and Thomas 2001), and investigate how this distribution relates to the evolution of the true skeleton.
Materials and methods
Samples of Hydractiniidae were collected from the following localities: New Zealand, Japan, the east coast of the United States (Beaufort, NC, Woods Hole, MA, New York, Long Island, Maryland), the West Coast of the United States (California), Italy, Canada, the Alaskan Peninsula (Aleutian Islands), and France (for a complete list see Table 1 and ).
Total genomic DNA was extracted from ethanolpreserved specimens (polyps or medusae) following an adapted version of the protocol described by Oakley and Cunningham (2000) . Partial sequences of five genes were amplified by PCR. The large mitochondrial ribosomal subunit (16S), large (28S), and small (18S) nuclear ribosomal subunits, and the nuclear protein-coding genes Calmodulin (Cam) and Elongation Factor 1 (EF1) (see M.P. Miglietta et al., submitted for publication, for complete description of methods). Sequences for 16S and EF1 are from .
The sequences were first assembled and manually edited using the software SEQUENCHER 4.0 (Genecodes Corp., Ann Arbor, MI, USA), and were then aligned using Multiple Sequence Comparison by Log-Expectation (Edgar 2004) . All the alignments were confirmed and edited by eye using MacClade 4.08 (Maddison and Maddison 2005) . Regions of DNA sequences with ambiguous alignment were deleted from the phylogenetic analysis.
A master alignment of all five genes was produced. In this combined data set, 16S sequences were present for all the 46 Hydractiniidae species, while other genes were not available for some taxa and those data were coded as missing (see M.P. Miglietta et al., submitted for publication, for a list of genes sequenced for each specimen). Phylogenetic analyses of the aligned sequences were performed under maximum likelihood (ML) in using Garli 0.96 (Zwickl 2006) . A Bayesian analysis was conducted in MrBayes 3.1.2 (Huelsenbeck and Ronquist 2001) (for more details on the phylogenetic reconstruction see M.P. Miglietta et al., submitted for publication). In the first column: species names and localities. In the second column: presence/absence of a calcified skeleton. In the third column: presence of carbonate granules/number of colonies observed (when different than one); for each colony, several individuals were analyzed (see Appendix for the description of the genera Schuchertinia and Bouillonactinia).
a Only Podocoryna hayamaensis was found polymorphic, with two colonies with granules out of 10 colonies observed.
Rate-smoothed chronograms were produced through penalized likelihood using the r8s 1.71 program, with cross-validation to determine the optimal smoothing parameter (Sanderson 2002) . The built-in procedure in r8 s 1.71 for estimating 95% confidence intervals adopts the strategy outlined by Cutler (2000) using the curvature of the likelihood surface around the estimate of the parameter, with a conservative cutoff value of 4.0 suggested by the r8 s 1.71 manual.
Of the three species of Hydractiniidae with calcium carbonate skeletons, we obtained samples of Schuchertinia antonii and Janaria mirabilis. Samples of Hydrocorella africana were analyzed morphologically, but suitable DNA for analyses could not be obtained. Calcium carbonate granules appear as bright granules under polarized light (Rogers and Thomas 2001). For each specimen, we observed squeezed preparations of several parts of the colony using a DM-RBE Leica optical Microscope. For some species we looked at several individual colonies (S. epiconcha, 6 colonies; Bouillonactinia carcinicola, 25 colonies; P. hayamaensis, 10 colonies; B. misakiensis 12 colonies), for most species we looked at one colony only. The presence or absence of calcium carbonate granules in hydrorhiza and polyps was mapped onto the ML phylogenetic tree as a binary character.
The final chronogram used is based on the complete Hydractinidae phylogeny (M.P. Miglietta et al., submitted for publication). Taxa we could not test for calcium carbonate granules were pruned.
Correlation of characters was tested using the concentrated changes test (Maddison 1990 ) as implemented in MacClade 4.08 (Maddison and Maddison 2005) and using Pagel's (1994) ''Discrete'' method as implemented in Mesquite 2.6 (Maddison and Maddison 2009 ). Each character was mapped onto the ML tree in MacClade 4.0 by parsimony (Fig. 1 ) and using ML reconstruction with Mesquite (Fig. 2) . Because the independent and correlated models of evolution are not nested (Pagel 1994), P-values were estimated from 10,000 simulations using Pagel's Discrete program as implemented in Mesquite 2.6, modifying the P-values to reflect only the number of simulations that showed variation.
Results and discussion
The Hydractiniidae is the only hydrozoan family with a mix of species with and without calcareous skeletons and our phylogenetic analysis supports two independent origins of a calcified skeleton within that family (Fig. 1) . Figure 1 shows the chronogram against a geological timeline. The ages of the two sister clades within the Stylasteridae, the sister group to the Hydractiniidae, were fixed at 65 mya each (see these clades in Fig. 1 ), using the fossil-based minimum ages from Lindner et al. (2008) . The r8s 1.71 cross-validation process found the optimal smoothing parameter to be 45 or 130 (depending on whether raw or normalized squared deviations were used). Both parameter values gave nearly identical chronograms, so the value of 45 was used in Fig. 1 . The origin of the calcified Janaria lineage is estimated by r8s 1.71 as between 30 and 47 mya, not far from the mid-Eocene fossil thought to be in the same lineage as Janaria (Kerunia; 48 mya) (Cairns and Barnard 1984) . Because the fixed nodes were based on fossils they represent minimum ages.
Janaria mirabilis is nested within a strongly supported clade that includes Hydractinia echinata from the Northeast Atlantic, H. symbiolongicarpus and H. polyclina from the Northwest Atlantic, and Hydrissa sodalis from Japan. The second calcified species is S. antonii from the Bering Sea (originally described as Hydractinia antonii, Miglietta 2006). Schuchertinia antonii is deeply nested within Schuchertinia (Fig. 1) . The position of the third calcified hydractiniid, Hydrocorella africana, was not analyzed because no suitable DNA could be obtained. However, this species is similar to J. mirabilis and considered to be closely related (Cairns and Barnard 1984) .
The morphology and colony structure of the two calcified species within the Hydractiniidae is extremely different so that the alternative hypothesis of a single origin (and several losses) seems unlikely. J. mirabilis and the related Hydrocorella africana both have sheet-like colonies that completely encrust hermit crab shells. In contrast, S. antonii ) has a very unique morphology, with an erect bush-like colony, and a calcified base, which arises from the substratum-not a hermit crab shell-and supports the chitinous branches. Polyps in S. antonii are concentrated in the chitinous part of the colonies, unlike Janaria and Hydrocorella where the polyps are found directly on the calcified skeleton. The morphology of this new species is so divergent from the rest of the family that it was initially misidentified as a gorgonian coral. These morphological divergences between the two species are consistent with two separate evolutionary origins (Oakley and Cunningham 2002) .
In the entire Class Hydrozoa with a total of 79 families (Bouillon and Boero 2000) , a calcium carbonate skeleton has evolved only in two families besides the Hydractiniidae: the Milleporidae (17 species) and the Stylasteridae ($250 species). Only one event of skeleton evolution has been hypothesized for each family, because all species in these families are calcified and share the same structure and basic morphology; see Cairns (1987) and Lindner et al. (2008) for the Stylasteridae and Moseley (1876) for the Milleporidae.
The Stylastaridae is one of the most speciose families of the Hydrozoa, with as many as 250 species and 24 genera (Cairns 1987) and it dates back at least as far as the early Paleocene (465 mya) (Cairns 1983; Jablonski and Bottjer 1991; Lindner et al. 2008) .
The family Milleporidae, also known as fire corals, is not as speciose as the Stylasteridae, but is very common in tropical regions of the Indo-Pacific and Atlantic Oceans and is at least 150 my old (Jablonski 2005) .
In contrast to the abundant and/or speciose Milleporiidae and Stylasteridae, the three species of calcified Hydractiniidae are rare. The difference is especially striking when we compare the Hydractiniidae to its sister family. Stylastaridae diversified and are mostly found in deep-water habitat although some species live in the shallow waters (Lindner et al. 2008) . The shallow species, where present, may be abundant but are not nearly as speciose as the deep-sea species. The primarily deep-sea habitat may help explain their success, but both J. mirabilis and S. antonii are also found in deep waters (Cairns and Barnard 1984; .
These observations suggest that the success of the Stylasteridae may lie in their possessing morphological structures not found in the Hydractiniidae, rather than because of occupying a deep-water habitat or having a calcium carbonate skeleton. It is also interesting that two of the three hydrozoan families that display a calcified skeleton, the Hydractiniidae and the Stylasteridae, are sister taxa (Lindner et al. 2008 ; M.P. Miglietta et al., submitted for publication) and because of their similarities have been long united in the superfamily Hydractinoidea.
One character found in all three hydrozoan families with true skeletons is polymorphism, with individual polyps having different functions within a colony (Bouillon et al. 2006) . The presence of polymorphic colonies in all calcified Hydrozoa is consistent with the hypothesis that in Hydrozoa, division of labor within the colony may be a prerequisite for the evolution of a calcium carbonate skeleton. It may also mean that polymorphic colonies are necessary for avoiding the strictures on colony organization imposed by a skeleton.
This multiple appearance of a calcified skeleton within a single family of Hydrozoa represents a case of parallel evolution similar to that occurring in scleractinian corals (Class Anthozoa), in which a skeleton evolved at least four times independently (Romano and Palumbi 1996; Stanley and Fautin 2001). Like the Milleporidae, the scleractinian stony corals are a very ancient group dating back to the Triassic period, $247 mya (Stanley and Fautin 2001) . In contrast, the calcified Stylasteridae (Hydractiniidae sister taxon) evolved $65 mya (Lindner et al. 2008) , and the two origins of calcareous skeleton in the Hydractiniidae most likely happened within the past 50 million years, a much shorter time than for other stony corals.
Finally, the significant correlation between the calcified granules in the gastroderm and the two origins of calcified skeleton in the Hydractiniidae may indicate that the production of such granules is a necessary step toward the evolution of a true skeleton. This correlation is significant under both the Concentrated Changes Test (P50.03) and Pagel's ''Discrete'' method (P50.02). This is supported by the phylogenetic position of Janaria, being nested within a clade in which the most basal species (Hydrissa sodalis) has granules (Fig. 1) . Also, it is interesting that one of the two other observations of granules in the Hydractiniidae is in S. conchicola, closely related to the calcified S. antonii (Fig. 1) , although the sample size of one for S. conchicola makes this a preliminary conclusion.
Although the mechanism involved in the transition from non-calcified to calcified taxa in the Cnidaria is not known, these results suggest that the production of such granules may represent a common physiological mechanism underlying its evolution. These results point to a number of questions for future research, including the origin of biomineralization and the developmental mechanisms underlying the transition from non-calcified to calcified colonies in Hydrozoa.
